Recent results based on models using prescribed surface wind stress forcing have suggested that the net freshwater transport S by the Atlantic meridional overturning circulation (MOC) into the Atlantic basin is a good indicator of the multiple-equilibria regime. By means of a coupled climate model of intermediate complexity, this study shows that this scalar S cannot capture the connection between the properties of the steady state and the impact of the wind stress feedback on the evolution of perturbations. This implies that, when interpreting the observed value of S, the position of the present-day climate is systematically biased toward the multiple-equilibria regime. The results show, however, that the stabilizing influence of the wind stress feedback on the MOC is restricted to a narrow window of freshwater fluxes, located in the vicinity of the state characterized by a zero freshwater flux divergence over the Atlantic basin. If the position of the presentday climate is farther away from this state, then wind stress feedbacks are unable to exert a persistent effect on the modern MOC. This is because the stabilizing influence of the shallow reverse cell situated south of the equator during the off state rapidly dominates over the destabilizing influence of the wind stress feedback when the freshwater forcing gets stronger. Under glacial climate conditions by contrast, a weaker sensitivity with an opposite effect is found. This is ultimately due to the relatively large sea ice extent of the glacial climate, which implies that, during the off state, the horizontal redistribution of fresh waters by the subpolar gyre does not favor the development of a thermally direct MOC as opposed to the modern case.
Introduction
Today, much of the global ocean heat transport is carried out in the Atlantic basin by the meridional overturning circulation (MOC) associated with the North Atlantic Deep Water (NADW) formation. Understanding the physical mechanisms that control the stability properties of the Atlantic MOC is therefore of the utmost importance for a better interpretation of the paleorecord and predictability of future climate. The pioneering work of Stommel (1961) revealed that under particular surface forcing conditions this basin-scale overturning mode can have two stable regimes of flow and the possibility that abrupt transitions between these states can be induced through relatively small changes in the surface salinity field or flux of freshwater into the ocean at high latitudes. One of these stable states is temperature driven, with a northward flow at the surface balanced by a return flow at depth, while the other one is salinity driven with a circulation in the opposite sense. Clearly, it is the different nature of the heat and freshwater coupling between the atmosphere and the ocean that permits the existence of multiple steady states. This process is associated with a hysteresis behavior that was shown to be robust across a wide variety of models, ranging in complexity from ocean box models (Huang 1992) , ocean general circulation models under mixed boundary conditions (Bryan 1986) , coupled atmosphere-ocean general circulation models (AOGCMs, Manabe and Stouffer 1988) , and coupled climate models of intermediate complexity (Rahmstorf et al. 2005) . It has also been suggested that multiple equilibria and the transition between different modes of ocean circulation have played an important role in the abrupt climate changes that were characteristic of the last glacial period (Stocker 2000; Clark et al. 2002) . Furthermore, the increase in radiative forcing over the coming century is expected to cause a slowdown of the Atlantic MOC. If the warming is strong enough and sustained for long enough, a complete and irreversible collapse of this circulation cannot be excluded (Manabe and Stouffer 1994; Stocker and Schmittner 1997) . How the Atlantic MOC will respond to global warming and associated changes in the surface freshwater balance remains one of the key issues in climate science. Of central importance to answer this question is to determine the position of the current state of the Atlantic MOC on the hysteresis curve. Progress has been made recently by De Vries and Weber (2005) , Dijkstra (2007) , and Huisman et al. (2010) who showed that the sign of the divergence of the time-mean freshwater transport by the MOC over the Atlantic basin is a good indicator of the multiple equilibria regime.
Because the concept of multiple climate states is relevant for both past and future climate changes, the sensitivity of the multiple-flow structure of the MOC has been tested against various forcings and uncertain model parameters. Stability properties of the MOC and their sensitivity to the background climate state were first addressed with multibasin zonally averaged ocean models (Ganopolski and Rahmstorf 2001; Schmittner et al. 2002) . These studies show that cold climates are generally less stable than warmer, interglacial climates. The reason is that the buoyancy loss associated with ocean heat release to the atmosphere requires smaller buoyancy gain, resulting from freshwater input for instance, to shut down convection in a cold compared to a warm climate. Given that the values of vertical and horizontal oceanic diffusivities are subject to considerable uncertainties (e.g., Munk and Wunsch 1998) , the sensitivity of the multipleequilibria regime to these oceanic mixing rates was further investigated in both zonally averaged (Schmittner and Weaver 2001) and 3D ocean models (Prange et al. 2003; Dijkstra and Weijer 2005) . Results show that the stability of the on mode increases as a function of the vertical diffusivity. Regarding the stability of the off mode, opposite sensitivities were found between 2D and 3D models with the latter class of models showing enhanced stability. This difference was attributed to the absence of freshwater transport by horizontal gyre circulations in 2D models (Prange et al. 2003) . More recently, Hofmann and Rahmstorf (2009) investigated the dependence of the MOC hysteresis to various numerical schemes and parameterizations and concluded that the MOC hysteresis is a robust property of ocean general circulation models (OGCMs) .
All these studies have been done using idealized or coupled climate models of intermediate complexity with prescribed surface wind stress forcing. It is therefore not possible from these studies to assess the impact of wind stress feedbacks, that is, wind stress response to sea surface temperature (SST) anomalies, on the MOC hysteresis. The stability analyses devoted to this problem have only considered the unperturbed MOC regime-that is, the state associated with a zero freshwater flux anomaly on the hysteresis curve. On the basis of freshwater pulse experiments under modern climate conditions, Mikolajewicz (1996) and Schiller et al. (1997) showed that wind stress feedbacks destabilize collapsed MOC states achieved during the hosing period. This occurs through both the intensification of the freshwater export to the North Atlantic by the East Greenland Current and by enhanced upward Ekman pumping in the core of the Greenland-Iceland-Norwegian Seas. These effects tend to remove the freshwater cap at high latitudes, thereby preventing the formation of a sharp halocline. These results therefore show that the unperturbed state of the MOC in these models is in the unique regime but only so long as the wind stress forcing is interactive. Because the position of the present-day climate on the upper branch of the hysteresis curve is uncertain, it is crucial, in the context of the current climate change, to determine the mean climate conditions that favor such a stabilizing influence under a change of freshwater flux in the North Atlantic.
The objective of this paper is thus to investigate the impact of wind stress feedbacks on the multiple-equilibria regime of the MOC. We will consider both modern and glacial climate conditions. Because the answer to these questions requires a rather large number of multimillennial experiments, an intermediate complexity coupled ocean-atmosphere-sea ice model, set up in an idealized spherical sector geometry configuration of the Atlantic basin, has been chosen. Apart from relatively low computational requirements, which is essential in the context of sensitivity studies such as the one presented here, idealized models offer the possibility to develop a meaningful assessment of the role of one particular aspect of the dynamics in the behavior of the coupled system. In addition, they allow the development of hypotheses that can be further tested in more complex models, and are as such, essential tools of the model hierarchy. The idealized experiments presented here do not attempt to reproduce a precise simulation of past or present climate. Our goal is rather to elucidate the processes that affect the sensitivity of the coupled system to changes in external forcings and parameters.
The remainder of this paper proceeds as follows. The coupled model, surface wind stress parameterization, and experimental design are briefly presented in sections 2 and 3, respectively. A brief analysis of the unperturbed control climate states is presented in section 4. The impact of wind stress feedbacks on both the modern and glacial MOC hysteresis is then analyzed in sections 5 and 6, respectively, with a stronger focus on the modern case. We show that the impact of the wind stress feedback on the MOC hysteresis cannot be captured by the scalar indicator S, which is equal to the net freshwater transport by the MOC into the Atlantic basin. In other words, S is a good indicator of the multiple-equilibria regime under constant wind stress forcing but not under interactive wind stress forcing. This implies, that when interpreting the observed value of S, the position of the present-day climate tends to be systematically biased toward the multiple-equilibria regime. Our results suggest, however, that the stabilizing influence of the wind stress feedback on the modern MOC is restricted to a narrow window of freshwater fluxes, located in the vicinity of the state characterized by a zero freshwater flux divergence over the Atlantic basin. In section 7, the role of vertical mixing in shaping the MOC hysteresis under constant and interactive wind stress forcing is further studied. Our paper finally concludes in section 8.
The coupled model
To address the questions raised above, we use the UVic coupled climate model described in detail by Weaver et al. (2001) , comprising an OGCM (Pacanowski 1996) , a standard energy-moisture balance atmosphere model, and a thermodynamic-dynamic sea ice model (Bitz et al. 2001) . The default spherical grid resolution is 28 in both horizontal directions. The atmospheric transports of sensible heat and moisture are parameterized on the basis of simple downgradient mixing laws with fixed (but not uniform) diffusivity coefficients. The ocean model uses a parameterization of the effects of baroclinic eddies after Gent and McWilliams (1990) . The ocean vertical grid spacing increases from 50 m at the surface to 450 m at the bottom (19 levels).
As we are interested in the feedbacks inside the Atlantic basin, a simplified sector model geometry has been chosen. More specifically, the geometry (Fig. 1) consists of a two-hemisphere flat bottom ocean basin with a constant depth of 4500 m. The ocean basin has a longitudinal width of 608, as does the atmosphere, and extends from 708S to 768N. Land is present poleward of these boundaries up to 848 latitude. A zonal subpolar channel analogous to the Drake Passage in the Southern Ocean (SO) is represented by applying cyclic boundary conditions between 508 and 608S and between the surface and 2500-m depth. A permanent freshwater flux of 0.06 Sv (1 Sv [ 10 6 m 3 s 21 ) has been artificially extracted from the ocean in the latitude band 708-648S to capture Antarctic Bottom Water (AABW) formation. This perturbation is uniformly compensated in the other parts of the ocean domain to conserve salt globally.
The rate of NADW formation is known to be sensitive in models to mixing parameters. Furthermore, the NADW forms in the northern North Atlantic, whereas the locations of its predominant conversion to lighter waters are poorly known and can also be sensitive to representation of unresolved mixing. In particular, NADW could upwell either across stratification in the low-latitude ocean, including at the ocean boundaries, or along isopycnals in the SO. Scaling arguments (e.g., Gnanadesikan 1999) suggest that, given the area of the low-latitude ocean, vertical diffusivity of 0.3-0.4 cm 2 s 21 is required to upwell about 10 Sv of NADW across the upper-ocean stratification. This is about 3 times larger than the values of upper-ocean diffusivity estimated from tracer release experiments (Ledwell et al. 1993) , suggesting either that there is not much deep water upwelling in the low-latitude ocean, or that the NADW upwelling largely takes place in highly localized areas or in the SO. Observational estimates of the MOC by Talley (2003) led Samelson (2004) to argue that much of the NADW overturning cell is driven by turbulent mixing, rather than by northward Ekman transport in the SO. According to this diffusively driven model, the cold-to-warm conversion of NADW must occur north of 308S. In our sector model, the area of the lowlatitude ocean is much smaller than in the real ocean where a fraction of NADW could upwell. To partly compensate for this, the vertical diffusivity limits were increased accordingly to 0.3 cm 2 s 21 (see section 7) and 0.7 cm 2 s 21 in the upper ocean. The latter value was large enough to upwell about 10 Sv across the low-latitude pycnocline, in agreement with the rates reported by Ganachaud and Wunsch (2000) . The vertical diffusivity follows the profile of Bryan and Lewis (1979) Green (1970) and Stone and Yao (1990) type parameterizations of baroclinic instability and was developed by Arzel et al. (2008) . Given the zonally averaged surface air temperature Q s , the zonally averaged zonal wind stress t l is calculated as
with
where d is the depth scale for the most unstable baroclinic wave parameterized after Stone and Yao (1990) as
and r is a nondimensional measure of beta effects,
Here, m 5
where the meridional eddy diffusivity K NL parameterizes the latter stages of cyclogenesis when nonlinear effects become important. This coefficient is chosen to be independent of height with its meridional variations expressing the meridional structure of the eastwardtraveling waves (Stone and Yao 1987) ,
where K 0 is a constant, [u] is the vertically averaged density-weighted zonal wind determined from the geostrophic balance, and y 0 is the distance into the region of easterlies from the latitude where [u] 5 0. Surface winds, influencing turbulent air-sea fluxes, are calculated by assuming a linear drag law with the surface wind stress. The baroclinic deformation radius in the atmosphere is defined by
Note that f 5 f 0 is constant in Eq. (1), and b is allowed to vary with latitude. Refer to Table 1 for the definition and values of constants and parameters used in this formulation. We use a zero wind stress boundary condition at both poleward extremes of the domain. At the equator, the zonal wind stress is imposed and fixed to zero. The coefficient K 0 , which is part of the solution, is determined by requiring the angular momentum conservation in each hemisphere
Finally, Green (1970) and Stone (1972) developed parameterizations of the meridional eddy heat flux that have a square dependence on the meridional temperature gradient. This implies that the meridional eddy diffusivity k s is proportional to the atmospheric meridional temperature gradient. To take into account this effect in the hysteresis experiments where substantial changes in hemispheric-scale meridional temperature gradient are expected between the states of active and totally suppressed MOC, the background meridional eddy diffusivity k s (Table 1) is thus modified by simply multiplying its value by
where DQ s 9 represents the change in the equator-pole zonally averaged surface air temperature (SAT) difference between the perturbed and control runs. The coefficient a, defined positive and expressed in units K 21 , serves as a simple wind stress feedback parameter. Increasing (decreasing) its value yields greater (weaker) sensitivity of the surface wind stress to temperature changes. Note that the wind stress feedback is still present for a 5 0 K 21 , but it is at its weakest magnitude. As mentioned above, atmospheric heat and moisture fluxes are purely diffusive in our model and the corresponding diffusivity profiles are prescribed ). The parameterized winds do not therefore directly influence the distribution of SAT and humidity in our model. The wind influence on the thermodynamical properties of the atmosphere occurs only through turbulent air-sea fluxes.
Experimental design
Similar to previous studies, we perform transient freshwater flux experiments to study the impact of the wind stress feedback on the MOC hysteresis under both modern and glacial climate conditions. Unlike continuation methods where explicit bifurcations diagrams, including both stable and unstable branches, can be calculated (Dijkstra and Weijer 2005) , the present method only allows us to extract quasi-equilibrium solutions of stable states. Therefore, the sensitivity experiments presented here can only provide the approximate location of ''true'' bifurcation thresholds. Timmermann et al. (2005) emphasize that the critical position of the saddle-node bifurcation strongly depends on the rate of change in freshwater forcing and conclude that a rate of about 0.001 Sv (1000 yr)
21 is needed to yield reasonable approximation of the bifurcation structure. This is because of the so-called critical slowing down effect, which considerably increases the amount of time needed by the circulation to adjust to the forcing in the vicinity of bifurcation points. As a result, the transients (i.e., departure from the real solution) are not damped sufficiently, thereby approximating the shape of the true hysteresis curve. In the present study, the absolute values of the freshwater flux at bifurcation are irrelevant because only the difference between experiments with and without wind stress feedback is at stake. Our objective is not to find the precise location of bifurcation thresholds, but rather to investigate the way the wind stress feedback affects the shape of the MOC hysteresis. The rate of change in freshwater flux [0.1 Sv (1000 yr) 21 ] was thus chosen to allow reasonable computational efficiency [10 000 yr (week) 21 on a single workstation]. It is similar to what has been used in previous sensitivity studies of the MOC hysteresis using OGCMs Saenko et al. 2003) . The freshwater flux anomaly varies from 20.3 to 0.3 Sv in the latitude belt 208-508N and is uniformly compensated elsewhere to conserve salt globally, similar to Ganopolski and Rahmstorf (2001) .
For each background climate state, different magnitudes a of wind stress feedback are considered to better span the sensitivity of the MOC hysteresis to changes in surface wind stress forcing. The impact of those changes is then assessed by comparing experiments with and without wind stress feedback. The hysteresis experiments are initialized from the unperturbed reference steady states obtained with a 5 0 K 21 . The model is then integrated for 1000 yr without any perturbation in the freshwater forcing in order for the circulation to adapt to the potential changes in the formulation of the wind stress forcing that can be either constant or whose feedback magnitude has been modified. With a rate of variation of freshwater forcing of 0.1 Sv (1000 yr) 21 , the model is then integrated for another 12 000 yr to cover the window of freshwater fluxes of interest. 
Mean climate states
This section briefly describes the reference steady states of the modern and glacial climates. These solutions have been obtained after a 5000-yr integration of the coupled model, starting from an ocean at rest and a dry isothermal atmosphere. Interactive surface wind stress with the weakest feedback value (a 5 0 K
21
) has been applied.
a. Modern climate
The mean oceanic circulation (Fig. 2a) features a thermally direct MOC (11 Sv) in the Northern Hemisphere (NH), an abyssal cell (4 Sv), an AABW cell (1.5 Sv), and a Deacon cell (4 Sv). The maximum strength of the latter two may seem too low compared to the observed, but the fraction of the latitude circle occupied by the ocean basin is 1 /6, so that the overturning rates per unit zonal width remain within realistic bounds. Despite the simplicity of the wind stress formulation, both the annual mean (Fig. 3a) and seasonal variations (not shown) of surface zonal wind stress are in reasonable agreement with observations (Hellerman and Rosenstein 1983) , although the wind stress curl is underestimated at high northern latitudes. The model also captures a low-salinity tongue in the SO, characteristic of Antarctic Intermediate Water (AAIW, Fig. 2b ). The structure of the zonal mean oceanic temperature is realistic, with the coldest waters found south of the southern channel and stratification in good agreement with the observed (Fig. 2c) .
b. Glacial climate
Glacial climate conditions are achieved by lowering the atmospheric CO 2 concentration from the modern value of 280 to 200 ppm, setting the orbital parameters to 21 ky BP, and increasing the planetary albedo by 0.15 north of 508N to crudely represent the cooling effect of the Laurentide ice sheet characteristic of glacial times on the North Atlantic climate. The main characteristics of the model's glacial climate are a global SAT cooling of 68C, a reduced deep ocean ventilation, and a weaker depth penetration of the sinking water at high northern latitudes (Fig. 2b) . The NH sea ice coverage expands (Fig. 3b) , causing the convection sites to move southward, similar to simulations performed with other climate models (Weber et al. 2007 ). In the SO, the increased brine rejection owing to sea ice expansion results in a stronger AABW formation (Fig. 2d ), in agreement with previous studies performed with comprehensive ocean-atmosphere models (Shin et al. 2003; Otto-Bliesner et al. 2006 ). The zonally averaged salinity (Fig. 2e) features a SO salinity tongue (AAIW) that is fresher than in the modern case, in agreement with larger northward export, and ultimately melting, of sea ice at these latitudes. The southward shift of deep convection in the NH results in a freshening at high northern latitudes. A remarkable feature of the simulated glacial climate is a rather uniform deep ocean temperature (Fig. 2f ), in agreement with observations (Lynch-Stieglitz et al. 2007 ) and results from realistic climate models (e.g., Shin et al. 2003) . Changes in the NH westerlies (Fig. 3a) include a local increase as well as an equatorward shift of roughly 58 latitude, in good agreement with simulations performed with realistic climate models (Shin et al. 2003) . Angular momentum conservation implies a strengthening of the NH trade winds. In the SH, changes are globally smaller, with a small equatorward shift of the westerlies without any local increase in their strength.
The modern case
The stability diagrams depicted in Fig. 4a show that the modern MOC exhibits a pronounced hysteresis behavior approximately centered around the region of zero freshwater flux perturbation. The spurious thermohaline flushes for negative freshwater fluxes are due to the transient behavior of the hysteresis and were also found in previous studies (Ganopolski and Rahmstorf 2001; Timmermann et al. 2003; Hofmann and Rahmstorf 2009 ). These flushes result from the resumption of the convection that occurs in response to the long-term warming of the deep polar ocean at high northern latitudes during the off state.
When the freshwater forcing reaches a threshold of about 0.15 Sv, a rapid transition L 1 , from the on to the off state, occurs. Associated with this transition is the development of a shallow reverse overturning (8 Sv) south of the equator, with a southward flow above 500 m and a northward flow down to about 1200 m (Fig. 5 ). This reverse cell is not present during the on state. This description agrees very well with the simulations of Gregory et al. (2003) and Saenko et al. (2003) carried out with realistic oceanic components where the transitions between modes of active and totally suppressed MOC are associated with the appearance and disappearance of a similar reverse overturning circulation south of the equator. Gregory et al. (2003) argued that the hysteresis behavior of the MOC occurs because both the off and on states tend to reinforce their respective salinity distributions and thereby inhibit the transition to the other state: the reverse overturning cell during the off state for instance reduces the salinity of the NH by exporting tropical salty waters southward and importing freshwater from high southern latitudes. The reverse cell tends therefore to stabilize the off state by keeping the NH fresh. Figure 4 a shows that the wind stress feedback weakly affects the value of the freshwater forcing at L 1 . By   FIG. 4 . Hysteresis loops of (top) MOC and (bottom) NH subpolar SSS averaged in the region north of 508N under modern climate conditions and for a vertical diffusivity k y varying from 0.7 3 10 24 m 2 s 21 in the upper ocean to 1.3 3 10 24 m 2 s 21 in the deep ocean. Shown are the solutions obtained under constant wind stress forcing (black) and under interactive wind stress forcing with 3 different feedback magnitudes a. The abrupt transitions betwneen the 2 stable states are noted L 2 and L 1 . Here, S 0 is the state that delimits the unique and multiple-equilibria regimes under constant wind stress forcing. The horizontal dashed line in the bottom panel indicates the critical SSS beyond which the system switches back to its state of strong circulation. Note that this critical SSS does not depend on the wind stress boundary condition. contrast, the transition from the off to the on state, noted L 2 , is shifted toward positive freshwater fluxes under interactive wind stress forcing as compared to the case under constant wind stress forcing but only so long as the strength of the wind stress feedback is large enough. Therefore, there exists a window of relatively weak freshwater fluxes inside which no multiple equilibria can be sustained under sufficiently strong wind stress feedback. If the freshwater forcing is large enough, however, the multiple flow structure of the MOC is conserved irrespective of the wind stress forcing boundary condition. Before examining the physical mechanisms responsible for this behavior, let us try to characterize the multipleequilibria regime under constant and interactive wind stress forcing.
a. Characterization of the multiple-equilibria regime
The divergence S of the time-mean freshwater transport by the MOC, calculated along the on branch of the hysteresis curve, over the Atlantic basin was shown to be a good indicator of the multiple-equilibria regime (Dijkstra 2007; Huisman et al. 2010) . The scalar S thus provides information about the behavior of finite amplitude perturbations. These studies were conducted using prescribed surface wind stress forcing. We can therefore wonder whether the sensitivity of the multiple equilibria regime to the wind stress feedback is captured by S. In the present case, the freshwater transport at the northern boundary of the domain vanishes so that S reduces to the indicator given in De Vries and Weber (2005):
where f s is the latitude at which the NADW is exported southward, and M ov is the freshwater transport by the MOC given by
where L(f) is the longitudinal width of our sector model at the latitude f, y is the meridional velocity, S is the salinity, S ref is a reference salinity fixed to 35 psu, and the overbar denotes the zonal average. Note that the net volume transport Ð y dz across any section situated north of the Drake Passage vanishes since the domain is closed at the northern boundary. In our sector model, the NADW upwells in the low-latitude pycnocline rather than in the SO. We have therefore chosen f s 5 108S instead of the more common latitude of 358S. Figure 6 shows that the scalar S is indeed a very good indicator of the multipleequilibria regime under constant wind stress forcing: the MOC imports freshwater in the unique regime but exports freshwater in the multiple-equilibria regime. This indicator fails, however, to reproduce the shift of the transition from the unique to the multiple-equilibria regime found under interactive wind stress forcing with a 5 0.05 K
21
. Some trials where the azonal component was included in the calculation of S or where the northern and southern latitudes at which S is calculated were modified also failed to capture this sensitivity. This simple analysis suggests therefore that the connection between the properties of the steady state and the influence of the wind stress feedback on the evolution of perturbations cannot be captured by the scalar indicator S.
b. Physical mechanisms
Since the wind stress feedback mostly affects the MOC hysteresis through its impact on the off-state properties, we first describe the main effects of the wind stress feedback on the characteristics of this state. The drop in average northern subpolar SAT is about 158C between the states of active and totally suppressed MOC (Fig. 7a) , which is in the upper range of values simulated by current climate models (Stouffer et al. 2006 ). This significant cooling induces reduced evaporation and precipitation at high northern latitudes whose changes (;40 cm yr
21
, not shown) roughly compensate to give 0 net freshwater forcing difference between the 2 stable states. In addition, the stronger meridional SAT contrast induced by this subpolar cooling yields stronger midlatitudes westerlies in the NH (Fig. 8a) . The subsequent increase in wind stress curl over the subpolar gyre yields enhanced Ekman pumping (Fig. 7b) salty waters upward (Fig. 7c) . This explains the slightly reduced cooling in the NH under interactive wind stress forcing (Fig. 7a) . At low-latitudes, angular momentum conservation implies stronger (weaker) easterlies in the NH (SH). This causes an anomalous northward Ekman salt transport in the tropics that eventually contributes to increase the sea surface salinity (SSS) at higher northern latitudes. Figure 4b shows that the stronger the wind stress response to SAT anomalies, the higher the off-state northern subpolar SSS.
The classical interhemispheric seesaw pattern of temperature changes associated with the meridional heat transport by the MOC causes an overall SH warming (Fig. 7a) , which is smaller, in absolute value, than the NH cooling. The associated reduction in the hemispheric-scale meridional SAT gradient leads to an overall weakening of the zonal winds in the SH (Fig. 8a) . The impact of those changes is mostly dominant in the southern tropical ocean where the reduced Ekman southward salt export slightly increases the upper-ocean salinity there from about 0.05 to 0.3 psu for wind stress feedback magnitudes a varying from 0 to 0.05 K
, respectively.
1) WEAK WIND STRESS FEEDBACK
Having described the impact of the wind stress feedback on the off-state properties, we now analyze its impact on the stability of this state. Let us first consider the case associated with the weakest wind stress feedback magnitude (a 5 0 K 21 ), which produces a maximum zonal wind stress increase of about 0.02 N m 22 at midlatitudes in the NH between the two stable states (Fig. 8a) . In this case, the value of the freshwater forcing at the transition L 1 is not very different from that obtained under constant wind stress forcing (Fig. 4a) . To understand this, one must first note that 1) the transition L 2 occurs when the SSS averaged in the northern subpolar ocean and in southern subtropical latitudes become comparable to each other, similar to what has been found in realistic oceanic components and 2) the wind stress feedback has little influence on the southern subtropical SSS, the main impact being restricted to mid-to-high latitudes of the NH. The combination of these processes implies that the northern subpolar SSS at the transition L 2 is not sensitive to the wind stress feedback. This is illustrated by the dashed line in Fig. 4b . Second, the sensitivity of the off-state northern subpolar SSS to freshwater forcing is reduced under interactive wind stress forcing. This can be seen in the slopes of the lower branches of the hysteresis loops in Fig. 4b which are smaller under interactive wind stress forcing. This weaker sensitivity is caused by the stronger NH westerlies during the off state. The subsequent increase in the southward Ekman transport reduces the amount of salt reaching deep-water formation regions (Fig. 9 ). As such, although the average off-state northern subpolar SSS is significantly stronger under interactive wind stress forcing (;0.8 psu at F 5 0.3 Sv for a 5 0 K 21 ), the critical NH subpolar SSS beyond which the circulation switches back to its active mode of operation is reached for similar values of freshwater forcing between the cases with (a 5 0 K 21 ) and without wind stress feedback.
2) STRONG WIND STRESS FEEDBACK
For stronger wind stress feedbacks (a $ 0.025 K 21 , Fig. 8a ), the transition L 2 occurs away from that obtained under constant wind stress forcing. For realistic magnitudes of wind stress changes (;0.03 N m
22
, Timmermann et al. 2007 ), our results suggest that the shift of the freshwater forcing at L 2 may be about 0.03 Sv. This indicates that, under realistic conditions, the stabilizing influence of the wind stress feedback on the MOC may be restricted to a narrow window of freshwater fluxes. This window is located in the vicinity of the state S 0 characterized by a zero freshwater export by the MOC over the Atlantic basin (see Fig. 4a ). The origin of the limited influence of the wind stress feedback on the stability of the MOC will be examined in a next section. In addition, it turns out that the width of this window linearly increases as a function of the changes in the strength of the midlatitude zonal wind stress in the NH between the two stable states (Fig. 10a) . The origin of this linearity can be understood by noticing that (i) the change in northern subpolar SSS between the two stable states linearly increases with the changes in midlatitude surface wind stress (Fig. 10b) , (ii) the critical northern subpolar SSS beyond which the MOC switches back to its active mode of operation is weakly affected by the wind stress feedback (dashed line in 4 b), and (iii) the sensitivity of the off-state northern subpolar surface density (or SSS) to freshwater forcing does not depend on the strength of the wind stress feedback. This latter point can be understood by noticing that the slopes of the lower branches of the hysteresis curves are very similar for the range of wind stress feedback magnitudes considered (Fig. 4b) .
3) SENSITIVITY TO WIND STRESS FEEDBACK IN THE SOUTHERN HEMISPHERE
Additional experiments with interactive wind stress forcing only in the NH (keeping the wind stress constant in the SH) show results that are very similar to those obtained with interactive surface wind stress forcing everywhere for a 5 0 K 21 (Fig. 11a) . For strong wind stress feedback, however (a 5 0.05 K 21 ), the effect of changes in Ekman fluxes (including their horizontal divergence) in the SH is to increase the stability of the off state. The magnitude of the freshwater forcing at the transition L 2 is shifted by about 0.03 Sv. This occurs because, as mentioned above, the southern tropical ocean during the off state is saltier when the surface wind stress is interactive. This increases the large-scale meridional density contrast associated with the off state, making it more stable.
4) SENSITIVITY TO CHANGES IN SURFACE WIND SPEED
Changes in midlatitude surface wind speed between the two stable states are on the order of 5 m s 21 in the NH (not shown). The objective of this section is to assess the influence of those changes on the multiple-equilibria regime of the MOC. Additional sensitivity experiments have thus been performed where the surface wind speed was fixed to its meridional profile diagnosed at the end of the control experiment. The surface wind stress, however, is still allowed to vary. Figure 11b shows that the hysteresis curves obtained with fixed and interactive surface wind speed are very similar whatever the magnitude a of the wind stress feedback considered. This indicates that changes in turbulent air-sea fluxes, and associated changes in SAT and net precipitation, due to varying winds have little influence on the multipleequilibria regime of the MOC.
5) FRESHWATER PULSE EXPERIMENTS
Why is the impact of wind stress feedbacks on the MOC hysteresis restricted to a narrow range of oceanic mean states? In this section, we perform a series of transient freshwater pulse experiments to determine the origin of this behavior. These pulses have a duration of 300 years and are applied uniformly at high northern latitude deep-water formation regions (708-768N). The freshwater flux anomaly increases linearly during the first 150 yr of the event to a maximum value of 0.1 Sv and linearly returns back to zero in the same time period. The perturbations are uniformly compensated in the other parts of the domain to conserve salt globally. We consider three different initial equilibrium states that correspond to different positions along the on branch of the hysteresis. These states have been obtained from a previous 5000-yr integration of the coupled model under interactive wind stress forcing (a 5 0 K
21
) and with permanent freshwater flux anomalies F of 0, 0.025, and 0.05 Sv added to the calculated freshwater forcing and applied uniformly in the latitude band 208-508N. These freshwater flux anomalies are compensated in the other parts of the domain. Starting from these initial states, the model is first integrated for 500 years without any perturbation in the freshwater forcing in order for the coupled system to adapt to the potential changes in the formulation of the wind stress forcing that can be either constant or whose feedback magnitude has been increased to a 5 0.025 K
. Results presented in Fig. 12 support the fact that wind stress feedbacks must be strong enough to stabilize the modern MOC since the overturning responses are similar under constant and under interactive wind stress forcing with a 5 0 K 21 . In addition, these experiments confirm that wind stress feedbacks cannot exert a persistent effect on the MOC response to a transient freshwater pulse applied at high northern latitudes when the freshwater forcing F is too strong: the overturning responses obtained for F $ 0.025 Sv (red and blue curves in Fig. 12 ) indeed show that the modern MOC has always two stable states irrespective of the wind stress forcing boundary condition for the range of wind stress feedback magnitudes considered herein.
Let us now focus on the case where a 5 0.025 K 21 to determine the origin of the different MOC responses in Fig. 12c . In this case, the MOC recovers only for F 5 0 Sv and remains in a collapsed state for stronger forcings. As the freshwater forcing F increases, the northward heat transport by the mean circulation is reduced. Changes in this transport and subsequent high northern latitude SAT during the hosing period are therefore reduced as F increases. This implies a weaker strengthening of the NH westerlies during the hosing period as the freshwater forcing F gets stronger. This could a priori be the cause for the different MOC responses in Fig. 12c . However, the magnitude of those wind stress changes varies little with F (2% difference between the cases F 5 0 and F 5 0.025 Sv). This suggests that the different MOC responses obtained with a 5 0.025 K 21 are unlikely to be due to different wind stress responses. Another process must necessarily be at play. Figure 5 a shows that the strength of the reverse cell during the off state decreases with weaker freshwater forcing. This also occurs in the present transient freshwater flux experiments (not shown). As such, less heat and salt are extracted from the NH during the hosing period. This makes the NH midlatitude surface waters of the collapsed state denser as F decreases. The same sensitivity is found for the weakest wind stress feedback magnitude (a 5 0 K 21 ). In this latter case, however, the MOC has two stable states (Fig. 12b) . This shows that, as F decreases along the off branch of the hysteresis curve, the weakening of the shallow reverse cell intensified south of the equator serves as a preconditionner for the destabilization of the off state under sufficiently strong wind stress feedback.
The glacial case
In agreement with previous studies (Ganopolski and Rahmstorf 2001; Schmittner et al. 2002) , the critical freshwater flux beyond which the circulation breaks down is significantly smaller for cold (0.1 Sv) than for warm (0.15 Sv) climates (Fig. 13a) . This is because the meridional advective oceanic heat transport is significantly weaker in the glacial than in the modern case, the meridional salt fluxes being similar (Fig. 14) . As such, the stabilizing effect of the negative advective-temperature feedback on the MOC is reduced in the cold case, thereby reducing the input of buoyancy required to collapse the circulation. Similar to the modern case, wind stress feedbacks in the glacial case have little influence on the position of the transition L 1 Regarding the transition L 2 by contrast, the impact of the wind stress feedback is similar to that obtained in the modern case but only so long as the wind stress feedback is strong enough (a . 0.20 K 21 ). For more realistic, weaker, wind stress changes by contrast, the opposite occurs, with wind stress feedbacks having a tendency to destabilize the glacial MOC.
a. Weak wind stress feedback
Let us first consider the impact of relatively weak wind stress feedbacks (a . 0.20 K 21 ). These correspond to the more realistic range of wind stress reponses, with wind stress changes picking at 0.04 N m 22 in the NH (Fig. 8b) sea ice extent of the glacial climate is that the maximum SSS changes between the two stable states occur at lower latitudes in the glacial than in the modern case. More specifically, in both cases, the surface freshening is maximum along the eastern boundary and south of the sea ice edge of the unperturbed state (Figs. 15a,b) . While the glacial climate response exhibits a maximum surface freshening at midlatitudes of the NH, the modern climate experiences a more gradual freshening between low and high northern latitudes. As the northern midlatitudes westerlies strengthen during the off state, the low surface salinity waters are redistributed horizontally by the enhanced subpolar gyre circulation. In the modern case, this process tends, in combination with the anomalous upward Ekman pumping, to erode the halocline intensified in the northeastern part of the basin. Positive salinity anomalies therefore result at high northern latitudes under interactive wind stress forcing in the modern case (Fig. 15c) . As described before, this initiates a thermally direct MOC that ultimately decreases the stability of the off state. In the glacial case by contrast, the stronger subpolar gyre circulation during the off state, combined with the pattern of SSS changes showed in Fig. 15b , tends to freshen the northern part of the subpolar gyre and to increase the salinity in its southern part (Fig. 15d) . The subsequent anomalous meridional salinity contrast between polar and subpolar latitudes, combined with the enhanced southward Ekman transport at the surface, generates a weak and shallow reverse overturning cell intensified in the upper 1000 m (Fig. 16a ) that tends to increase the stability of the off state. The weakness of this reverse cell (;1 Sv) explains the relatively weak sensitivity of the position of the transition L 2 to wind stress feedbacks under glacial climate conditions. To summarize, the contrasting influence of the wind stress feedback on the stability of the MOC between the modern and glacial climates is due to the different horizontal redistribution of freshwater by the subpolar gyre circulation during the off state. This is in turn due to the different pattern of SSS changes between the two stable states, which is ultimately due to the different sea ice edge locations of the modern and glacial climates. 
b. Strong wind stress feedback
For sufficiently strong wind stress feedbacks by contrast (a . 0.20 K
21
, Fig. 8b ), the situation is similar to that obtained in the modern case, with the off state becoming less stable. The mechanism through which the polar halocline is eroded is, however, different between the two climates. In the modern case, the increase in salinity due to wind stress feedback is surface intensified (Fig. 17) . In the glacial case by contrast, it is maximum below the anomalous Ekman cell (;400-m depth, Fig. 17 ) and results from the advection of anomalously salty surface waters originating from the southern part of the subpolar gyre (Fig. 15c) . If the wind stress feedback is too weak (a 5 0.05 K 21 , for instance, Fig. 17 ), these anomalously salty surface waters are dissipated before reaching the subsurface polar ocean. In this case, the wind stress feedback tends to increase the stability of the off state as described above. Wind stress changes under glacial climate conditions must therefore be exceptionnaly large (0.06 N m 22 ) to produce substantial subsurface positive salinity anomalies at polar latitudes and then to stabilize the glacial MOC. This may explain why wind stress changes in the glacial case are less efficient at eroding the polar halocline than in a modern climate where a change, albeit strong, of 0.03 N m 22 is sufficient to stabilize the circulation.
Sensitivity to vertical mixing
The results presented above have been obtained using an upper-ocean vertical mixing coefficient (K y ) somewhat larger (0.7 cm 2 s 21 ) than those inferred from in situ measurements in the thermocline (Ledwell et al. 1993) . In this section, the impact of the wind stress feedback on both the modern and glacial hysteresis is reexamined with a reduced upper-ocean K y of 0.3 cm 2 s
21
. The bottom value is still fixed to 1.3 cm 2 s 21 (Fig. 18) . Consistent with previous studies (Schmittner and Weaver 2001; Prange et al. 2003; Dijkstra and Weijer 2005) , the hysteresis interval decreases with decreasing values of K y (Fig. 19) . A new aspect here is that the sensitivity of the hysteresis to K y is much stronger in the glacial than in the modern case. While the multipleequilibria structure of the glacial MOC has almost disappeared for low values of vertical mixing, a pronounced hysteresis is still present in the modern case. This difference results from the reduced stratification of the glacial ocean (Fig. 20) , mainly caused by upper-ocean cooling in our model. Since weak stratification facilitates displacements across isopycnals, relatively small changes in K y induce large changes in potential energy and thus in the strength of the flow. Low values of K y under glacial climate conditions in our model can therefore only sustain a very weak MOC, whatever the value of the freshwater forcing. Finally, the sensitivity of the modern hysteresis to changes in surface wind stress forcing is similar to that obtained previously with a stronger upper-ocean vertical mixing. More specifically, the transition L 2 is shifted toward positive freshwater fluxes relative to the case under constant wind stress forcing but only so long as the magnitude of the wind stress feedback is large enough (a $ 0.025 K 21 ). In addition, the multiple-flow structure of the modern MOC is still conserved for relatively strong freshwater forcing, irrespective of the surface wind stress boundary condition.
Summary and conclusions
Using a coupled climate model of intermediate complexity, we examined the impact of wind stress feedbacks on the multiple-equilibria regime of the MOC.
In agreement with previous studies (De Vries and Weber 2005; Dijkstra 2007; Huisman et al. 2010) , our results indicate that the indicator S, equal to the net freshwater export by the MOC over the Atlantic basin, is a good indicator of the multiple-equilibria regime. This conclusion seems, however, to be only valid under constant wind stress forcing. When wind stress feedbacks are taken into account, this indicator fails to capture the boundary between the unique and multiple-equilibria regimes and is similar to that obtained under constant wind stress forcing. The connection between the properties of the steady on state and the impact of wind stress feedbacks on the evolution of finite amplitude perturbations cannot therefore be captured by the scalar S. Since wind stress feedbacks tend to stabilize the circulation, this implies that, when interpreting the observed value of S, the position of the present-day climate is systematically biased toward the multiple-equilibria regime. For realistic wind stress responses, our results suggest, however, that the width of the window of freshwater fluxes over which wind stress feedbacks stabilize the modern MOC is very narrow, on the order of 0. Fig. 18 ) under (a) modern and (b) glacial climate conditions and for model versions using constant (black) and interactive wind stress forcing (color). The wind stress feedback magnitude takes three different values, namely, a 5 0, a 5 0.025, and a 5 0.05 K 21 .
NH. This rather limited influence of wind stress feedbacks on the stability of the MOC is due to the rapidly increasing stabilizing influence that the shallow reverse overturning cell intensified south of the equator during the off state exerts on the off state when the freshwater forcing gets stronger. Only for MOC states at proximity of the state S 0 characterized by a zero freshwater export by the MOC over the Atlantic basin (see Fig. 4 ) can the impact of wind stress feedbacks on the stability of the MOC defeat that associated with this shallow reverse cell. We showed that these conclusions, obtained under modern climate conditions, are robust over a wide range of upper-ocean vertical mixing rates. Under glacial climate conditions by contrast, a very weak sensitivity with an opposite effect is found. This is due to the relatively large sea ice extent of the glacial climate, which implies a surface freshening between the two stable states that is maximum at mid rather than at high latitudes. The horizontal redistribution of these low surface salinity waters during the off state by the stronger subpolar gyre circulation reduces the meridional salinity contrast between mid and high northern latitudes. This prevents the development of a thermally direct MOC as opposed to the modern case.
Our model obviously has several deficiencies. These arise because of the highly idealized geometry combined with the coarse resolution we employed. Net precipitation changes between the two stable states are rather weak in our model and are therefore unlikely to play a dominant role on the stability of the MOC. This contrasts with previous studies realized with fully coupled AOGMs (Vellinga and Wood 2002; Yin and Stouffer 2007; Krebs and Timmermann 2007) where the ITCZ experiences a southward shift in the Atlantic Ocean. The subsequent reduction of the net precipitation north of the equator in the Atlantic basin helps the circulation to recover after the hosing is removed. These studies suggest therefore that, similarly to the impact of changes in surface wind stress, changes in the hydrological cycle have a stabilizing influence on the Atlantic MOC. What remains to be done, however, is to assess the relative importance of one process versus the other as a function of the position of the present-day climate on the upper branch of the hysteresis curve. In addition, our model tends to always produce a strengthening of NH westerlies between the mode of active and totally suppressed MOC. This means that the overall effect of the increase in meridional SAT gradient [second term on the lefthand side (lhs) of Eq. (1)] in the NH dominates the counteracting effect associated with geostrophic pressure anomalies [third term on the lhs of Eq. (1)]. This feature is in qualitative agreement with the wind stress changes simulated by the ECBILT-CLIO (available online at http://www.knmi.nl/onderzk/CKO/ecbilt.html) model under glacial conditions in response to a transient meltwater pulse in the North Atlantic Ocean (Timmermann et al. 2005 , see their Fig. 5 ). The study of Timmermann et al. (2007) reveals, however, that this behavior is not a robust feature across five state-of-the art climate models setup under modern climate conditions (their Fig. 4) and that even the sign of the wind stress changes over the North Atlantic is not obvious a priori. This disagreement between models suggests therefore that the applicability of our results to the real world requires further analysis. Nevertheless, we have proposed plausible feedback mechanisms that are likely to play a role in more complex models. Besides, our results are consistent with those obtained with more realistic climate models. Yin and Stouffer (2007) , for instance, examined the physical processes controlling the stability of two versions of coupled AOGCMs developed at the Geophysical Fluid Dynamics Laboratory (GFDL). They concluded that the weakness of the reverse thermohaline circulation cell achieved during the hosing period in combination with strong tropical air-sea feedbacks is responsible for the strong stability of the Atlantic MOC in one model. By contrast to Yin and Stouffer (2007) , however, we were able to perform a detailed sensitivity analysis to demonstrate the competition that exists between the reverse cell and wind stress feedbacks as a function of the position of the present-day climate on the upper branch of the hysteresis curve.
The present analysis suggests that the stabilizing influence of wind stress feedbacks on the Atlantic MOC is restricted to a narrow window of freshwater fluxes (;70.03 Sv width for realistic wind stress changes), located at proximity of the state characterized by a zero freshwater export by the MOC over the Atlantic basin. Substituting this result in the S indicator function given in Fig. 6 implies that the MOC, in our model, must export less than 0.03-Sv freshwater for wind stress feedbacks to stabilize the circulation. Observations at 358S reveal that S is composed between 20.1 and 20.3 Sv (Weijer et al. 1999; Huisman et al. 2010) , rates which are of course subject to relatively high uncertainties. According to our results, this suggests that the position of the present-day climate is way outside the window of freshwater fluxes over which wind stress feedbacks can actually stabilize the circulation. This means that wind stress feedbacks would not be able to remove a climate perturbation that has caused the Atlantic MOC to collapse.
